The physiological function of Ataxin-3 (ATXN3), a deubiquitylase (DUB) involved in Machado -Joseph Disease (MJD), remains elusive. In this study, we demonstrate that ATXN3 is required for neuronal differentiation and for normal cell morphology, cytoskeletal organization, proliferation and survival of SH-SY5Y and PC12 cells. This cellular phenotype is associated with increased proteasomal degradation of a5 integrin subunit (ITGA5) and reduced activation of integrin signalling and is rescued by ITGA5 overexpression. Interestingly, silencing of ATXN3, overexpression of mutant versions of ATXN3 lacking catalytic activity or bearing an expanded polyglutamine (polyQ) tract led to partially overlapping phenotypes. In vivo analysis showed that both Atxn3 knockout and MJD transgenic mice had decreased levels of ITGA5 in the brain. Furthermore, abnormal morphology and reduced branching were observed both in cultured neurons expressing shRNA for ATXN3 and in those obtained from MJD mice. Our results show that ATXN3 rescues ITGA5 from proteasomal degradation in neurons and that polyQ expansion causes a partial loss of this cellular function, resulting in reduced integrin signalling and neuronal cytoskeleton modifications, which may be contributing to neurodegeneration.
INTRODUCTION
The importance of ubiquitin signalling in the nervous system is becoming increasingly recognized (1 -3) . Impairment of the ubiquitin-proteasome pathway (UPP) and mutations in some of its components have been linked to both neurodevelopmental and neurodegenerative disorders, the later including Alzheimer's, Parkinson's and Huntington's diseases (4 -6) . In the context of the nervous system, deubiquitylases (DUBs) are central players in the regulation of protein ubiquitylation in processes, such as (i) axon guidance and establishment of neuronal connectivity (7), (ii) dendritic and axon pruning (8, 9) , (iii) regulation of synaptic number and size (10, 11) , (iv) regulation of synaptic plasticity (11) and (v) modulation of the postsynaptic structure (7, 12) .
Ataxin-3 (ATXN3) is a protein with DUB activity known to be mutated in Machado -Joseph Disease (MJD), an autosomal dominant neurodegenerative disorder caused by a polyglutamine (polyQ) tract expansion within the C-terminus of this protein (13) . PolyQ expansions are thought to cause deleterious effects in neurons by conferring toxic properties to the proteins into which they are inserted (gain of function model) and by perturbing some of the biological activities of these proteins (partial loss of function model) (14) (15) (16) .
Although the physiological role and substrates of ATXN3 are mostly unknown, functional analyses in different cell and animal models have shed some light on its biological functions. Evidence supports ATXN3 involvement in protein quality control pathways: (i) DUB activity conferred by cysteine 14 (C14) within the N-terminal Josephin-domain, which is essential for its protease activity (17) (18) (19) ; (ii) interaction with ubiquitin, polyubiquitin chains, ubiquitylated proteins (20) (21) (22) and proteasome subunits (21, 23) ; (iii) interaction with the ubiquitin-like protein NEDD8 and deneddylase activity (24) and (iv) binding to and regulating the activity of VCP/p97, which is involved in shuttling substrates for proteasomal degradation (25, 26) and binding to UBXN-5, an adaptor of substrate binding to VCP (27) . In addition to its involvement in the regulation of protein degradation, the numerous molecular partners of ATXN3 known to date suggest that it is involved in other cellular processes (28) (29) (30) (31) . Although mouse and nematode knockouts (KO) for this gene are viable and show no gross phenotype, our previous results showed that the absence of ataxin-3 in Caenorhabditis elegans affects the expression of several transcripts related to cell structure/motility (32) and that ataxin-3 regulates the degradation of integrin subunits such as a5 integrin subunit (ITGA5), a molecular partner of ATXN3 (33) . These regulatory functions were shown to be important for the cytoskeleton organization of different cell types (31, 33) .
Integrins are the major family of transmembrane cell surface receptors that mediate cell-to-cell and cell-to-extracellular matrix (ECM) interactions, regulating many cellular functions (34, 35) . Integrins are implicated in many aspects of neuronal development and function, such as proliferation, survival, adhesion, cytoskeletal organization, process outgrowth and synaptic function (36) (37) (38) (39) (40) . Furthermore, cumulative evidence suggests that a disruption of the neuronal cytoskeleton network may be a common feature contributing to several neurodegenerative diseases (41, 42) . Data suggest that cytoskeletal deregulation initiates a cascade of intracellular events that may underlie the loss of synaptic connectivity, the decreased ability to transmit incoming axonal information and the cell death that is observed in these disorders (43) (44) (45) (46) (47) .
In this work, we demonstrate that ATXN3 depletion deregulates ITGA5 levels through increased proteasomal degradation, which leads to decreased cell adhesion and disorganization of the neuronal cytoskeleton. Loss of function of ATXN3 also has a negative impact on neuronal differentiation and on the associated exit from the cell cycle, promoting continued proliferation. Our data also indicate that an expanded polyQ tract leads to a partial loss of the cellular function of ATXN3 that may be relevant to neurodegeneration.
RESULTS

ATXN3 knock down results in altered morphology, proliferation, migration and cell death in differentiating SH-SY5Y cells
We evaluated the effects of ataxin-3 silencing in SH-SY5Y human neuroblastoma cells, widely used as a model for neuronal function and differentiation (1 Fig. S2E ). Subsequently, we sought to analyze the effect of ATXN3 depletion on retinoic acid (RA)-differentiated SH-SY5Y cells. RA has previously been shown to induce differentiation and inhibit the cellular growth of cultured human SH-SY5Y cells (48) . As shown in Figure 1A , after 7 days of RA-induced differentiation, SCR shRNA control cells exhibited branching neuritic networks with small rounded bodies and an inhibition of cell proliferation, whereas cells in which ATXN3 had been silenced displayed large, flat cell bodies with very few extensions. These striking morphological changes were observed in the different clonal cell lines and were evident in cells with only a few passages after silencing (fATXN3 shRNA ) as well as cells with long-term silencing of ATXN3, albeit in a more attenuated way in the latter. Such partial recovery in cell morphology might be explained by compensatory mechanisms, as has been observed in different ATXN3 KO animal models (32, 49) .
After RA treatment, there were significantly more ATXN3
shRNA cells when compared with SCR shRNA control cultures (P ¼ 0.0019) (Fig. 1B) . Consistent with a higher proliferation rate, ATXN3
shRNA cultures showed an increased number of Ki-67-positive cells (61.57% versus 24.24% in control cells; P ¼ 9.46 × 10 26 ) ( Fig. 1C and D) . Accordingly, in comparison to the control SCR shRNA cells, the ATXN3 shRNA cell population had a greater number of cells in S phase (24.4% compared with 14.5%; P ¼ 0.0018) ( Fig. 1E and F ). This higher cell proliferation was accompanied by an increased cell death in RA-treated ATXN3 shRNA cultures as determined by flow cytometry analysis (22.8% versus 8.02% of PI-positive cells; P ¼ 0.0001) that was even higher in fATXN3
shRNA cultures (40.1%; P ¼ 5.60 × 10 25 ) (Fig. 1G) . Because it has previously been demonstrated that ataxin-3 interacts with and regulates the levels of integrins (33) and because adhesion to the substrate is key for cell migration, we analyzed collective cell movement using a wound healing assay (50) . Cells were monitored for 24 h starting immediately after the initial wound. As shown in Figure 1H and I, ATXN3
shRNA cells had partially recolonized the scratched area and exhibited a 50% increase in the cell migration rate when compared with SCR shRNA cells (P ¼ 4.42 × 10
27
), which suggests that ATXN3
shRNA cells did not adhere as well to the substrate. The same was observed in two other clonal cell lines with similar degrees of ATXN3 silencing. Interestingly, these effects of ATXN3 absence seem to be generalized to different neuronal cell types, as similar phenotypes were observed in 
ATXN3
shRNA cells fail to progress towards a mature neuronal phenotype RA treatment increases the synthesis of neuron-specific enzymes, neurotransmitters, neuropeptide hormones, growth factors and cell surface receptors and induces changes in cytoskeleton markers in SH-SY5Y cells (51) . Because we observed that neuronal differentiation was impaired in ATXN3 shRNA cells, we wanted to further characterize the differentiation status of these cells. For this, we evaluated several neuronal markers associated with RA-induced differentiation (52) .
As expected, we observed increased mRNA levels for most of the neuronal markers in the SCR shRNA cells after RA treatment and decreased expression of nestin, a marker of undifferentiated cells ( Fig. 2A) . In contrast, the mRNA expression pattern in RA-treated ATXN3
shRNA cells was consistent with immature stages of neuronal differentiation, with increased expression of nestin (P ¼ 0.02) and decreased expression of bIII-tubulin
25
) and dopamine transporter (DAT) (P ¼ 0.04) ( Fig. 2A) 
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) when compared with control cells (Fig. 2D) , which is compatible with the immature filopodia phenotype observed in the absence of ATXN3.
These results indicate that ATXN3-deficient cells fail to progress towards a mature neural phenotype upon RA treatment. Nevertheless, we verified that these cells are able to respond to RA, as demonstrated by the induction of the RA-responsive tissue transglutaminase (tTG) gene (53) (Supplementary Material, Fig. S3A ).
ATXN3 depletion disrupts the actin cytoskeleton network in SH-SY5Y cells
Neuronal development is highly dependent on controlled cytoskeleton dynamics and reorganization, and it has been shown that in several neurodegenerative diseases, this reorganization is defective (41, 42) . Phalloidin staining of actin polymers revealed the presence of disarrayed actin filaments and aggregates in ATXN3
shRNA and fATXN3 shRNA cells (Fig. 3A) as well as in PC12_ATXN3
shRNA cells (Supplementary Material, Fig. S6G ). Additionally, the ATXN3 shRNA cells exhibited a higher number of small filopodia (microspikes) and the PC12_ATXN3 shRNA cells grew mostly in multilayers, which were not observed in the control cultures. These cytoplasmic projections are normally present in migrating cells and at initial stages of neurogenesis (54) . This finding further supports the hypothesis that in the absence of ATXN3, cells fail to properly complete differentiation and to establish mature neuronal processes. Very importantly, primary neurons with silenced ATXN3 expression also show a highly disrupted cytoskeleton network as compared with the scrambled controls, providing further evidence for the role of ataxin-3 in the regulation of the cytoskeleton (Fig. 3B) .
Absence of ATXN3 leads to downregulation of a5 integrin signalling
Integrins play an important role in mediating cell adhesion to the ECM proteins and activating signalling cascades that control cytoskeletal organization and cell motility (55, 56) . We have previously reported that ataxin-3 regulates the degradation of integrin subunits such as the ITGA5 (33) . Accordingly, we observed that depletion of ATXN3 downregulates ITGA5 protein levels in SH-SY5Y (P ¼ 0.001) and PC12 (P ¼ 0.0047) cells induced to differentiate (with RA and NGF treatment, respectively) ( Because a5b1 is the receptor for fibronectin (FN), which has been implicated in neuronal cell migration, adhesion, proliferation and differentiation both in vitro and in vivo (36), we next assessed the FN-binding capacity of ATXN3
shRNA cells using a CultreCoatwFibronectin 96 well adhesion assay (Ambsio). As expected, the adhesion of ATXN3 shRNA cells to FN was significantly reduced (89.5%; P ¼ 0.004) in relation to SCR shRNA controls (Fig. 4C) . We subsequently assessed cell migration on an FN substrate. For this, we coated the plates with FN and performed the wound healing assay as described above. As shown in Figure 4D , RA-treated ATXN3
shRNA cells had almost fully recolonized the scratched area with an 89% increase in the woundhealing rate when compared with the RA-treated SCR shRNA control cells (P ¼ 0.0009). Interestingly, this phenotype was specific for FN, because on laminin or poly-D-lysine substrates, no significant differences between cells with or without ATXN3 were observed (Supplementary Material, Fig. S4B ). Additionally, it has been suggested that integrins modulate CDK5 activity, which in turn modulates the activity of the ERK and PI3K/AKT pathways (57) affecting neuronal development and survival (58) . Immunoblotting analysis of RA-treated ATXN3 shRNA cells showed a decreased expression of p35 (P ¼ 5.94 × 10 25 ), which is known to be associated with a decrease in CDK5 activity ( Fig. 4E and F) . The decrease in CDK5/p35 complex activity is associated with reduced phosphorylationmediated activation of ERK1/2 (P ¼ 0.001), AKT (P ¼ 0.005) and PI3K (P ¼ 0.012) in ATXN3
shRNA cells, with no alteration in the total levels of these proteins, and, with a downregulation of BCL2 (P ¼ 0.007) ( Fig. 4E and F) . BCL2 inhibits BAX and BAK apoptotic functions (59); therefore, decreased levels of BCL2 may contribute to the increased neuronal death observed in ATXN3
shRNA cultures (Fig. 1G) . Interestingly, the levels of nuclear CDK5 were also significantly reduced in ATXN3 shRNA cells ( Fig. 4E and F) , which correlates well with the increased proliferation ( Fig. 1C and D) observed upon RA treatment (60) . Knowing that integrin cell signalling can modulate the activity of Rho and Rac1 GTPases (61), we next investigated if the decreased levels of ITGA5 affected the activity of these regulatory proteins in neuronal cells lacking ATXN3. We found that the activities of both Rho and Rac1 proteins were significantly reduced in RA-treated ATXN3
shRNA cells (Fig. 4G ). To verify the relevance of our findings in vivo, we assessed the levels of Itga5 in the cerebellum of Atxn3 KO mice (62) , confirming that they were reduced as observed in the ATXN3 knockdown neuronal cell cultures ( Fig. 4H and I ).
Based on previous observations in non-neuronal cells (33) and considering that ATXN3 is a DUB enzyme, we hypothesized that ATXN3 could modify ubiquitylation and regulate the degradation of ITGA5 through the UPP. To test this hypothesis, we assessed the levels of ITGA5 upon proteasome inhibition with 5 mM MG132 for 24 h in cultures treated with RA and found them to be significantly increased in ATXN3
shRNA cells (Fig. 4J) . Additionally, inhibition of protein synthesis by cycloheximide (CHX) treatment showed a decrease in ITGA5 halflife in these cells (Fig. 4K) ; this suggests that ATXN3 normally acts to inhibit ITGA5 degradation also in neurons. We found that inhibition of the proteasome with MG132 increased the levels of shRNA cells. This morphological alteration was attenuated after long-term silencing of ATXN3. * P , 0.05; n ≥ 3 independent biological replicates in all experiments. * * P , 0.01; * * * P , 0.001. shRNA cells. The results were normalized for H3 or CD147 levels. n ≥ 3 independent biological replicates in all experiments. * P , 0.05, * * P , 0.01, * * * P , 0.001. ubiquitylated ITGA5 in ATXN3 shRNA cells (P ¼ 0.02) (Fig. 4L ). We confirmed that ATXN3 affects the steady-state levels of ITGA5 by acting at the protein level, as qRT-PCR analysis revealed no significant differences in ITGA5 transcript levels between ATXN3
shRNA and SCR shRNA cells ( Supplementary  Material, Fig. S3B ). Together, these results suggest that excessive degradation of ITGA5 in ATXN3
shRNA cells induced to differentiate caused defects in adhesion to FN substrates, deregulation of the ERK and PI3K/AKT pathways and a decrease in the activity of small GTPases Rho and Rac1, leading to abnormal cell morphology, motility, proliferation and differentiation.
Restoring the levels of ITGA5 ameliorates the phenotype of ATXN3
shRNA cells
To test if the ATXN3 depletion phenotype could be reverted by the normalization of ITGA5 levels, we overexpressed ITGA5 in ATXN3 shRNA cells (ATXN3 shRNA _a5) and evaluated their phenotype upon RA treatment. We found that not only were the cellular morphology ( Fig. 5A ) and cytoskeletal organization ( Fig. 5B ) significantly restored but also the ATXN3 shRNA _a5 cells expressed normal levels of the majority of the neuronal markers tested (Fig. 5C ). In addition, the migration rate ( Fig. 5D ) and cell cycle progression ( Fig. 5E and F) were comparable to the SCR shRNA _a5 control cells. Therefore, we conclude that most aspects of the phenotype observed in ATXN3-deficient cells were caused by the reduction in the ITGA5 levels.
Interference with the DUB activity of ATXN3 leads to an abnormal neuronal phenotype that parallels the loss of expression of this protein
To clarify whether the regulation of ITGA5 levels by ATXN3 was dependent on its DUB activity, we generated a SH-SY5Y cell line that stably overexpressed a catalytically inert version of ATXN3 (Supplementary Material, Fig. S5A ), obtained by mutating the catalytic cysteine residue (C14) (ATXN3_ C14A). Interestingly, cells expressing ATXN3_C14A recapitulated many characteristics of ATXN3-deficient neurons: (i) a round, flat shape with very few and short extensions in comparison to the controls (Supplementary Material, Fig. S5B) ; (ii) a lack of proliferative inhibition after RA treatment as assessed by Ki-67 staining (62.97% Ki-67-positive cells in ATXN3_C14A cultures versus 25.03% for the pEGFP controls; P ¼ 1.10 × 10 214 ) (Fig. 6A and B) and cell cycle analysis (74.9% in S phase versus 17.5%; P ¼ 0.0018) (Fig. 6C and D) ; (iii) an increased cell death (32.1% versus 10.9%; P ¼ 0.002) (Fig. 6E) ; (iv) a significant decrease in mRNA levels for several neuronal markers, indicating an immature differentiation status (Fig. 6F ) and (v) misaligned actin with randomly distributed filaments (Fig. 6G ). ATXN3_C14A cells also showed decreased levels of ITGA5 (P ¼ 0.0017) and downstream targets of CDK5 (the expression of p35 protein was not detectable) (Fig. 6H and I) . These results suggest that ATXN3 with the C14A mutation interferes with the function of normal (endogenous) ATXN3 through a dominant negative effect, provoking a more severe phenotype as compared with the silencing, probably due to the lack of the compensatory mechanisms. Importantly, as found in ATXN3
shRNA cells (Fig. 4J ), 5 mM MG132 treatment for 24 h increased the levels of polyubiquitylated ITGA5 in ATXN3_C14A cultures treated with RA ( Fig. 6H  and I ), supporting the hypothesis that ITGA5 is a substrate of the DUB activity of ATXN3 in neurons.
PolyQ expansion in ATXN3 causes a similar but milder neuronal phenotype than the absence of this protein 7A and B) ; an increased proportion of cells in the S phase (80.5% versus 17.5% for the pEGFP controls; P ¼ 0.0008) (Fig. 7C and D) ; (iii) increased cell death (25.4% versus 18.4% for ATXN3_28Q; P ¼ 0.009 and 10.9% for the pEGFP controls; P ¼ 1.43 × 10 25 ) (Fig. 7E) ; (iv) reduced expression of several neuronal differentiation markers (Fig. 7F ) and (v) disorganization of the actin cytoskeleton (Fig. 7G ). ATXN3_83Q cells also had reduced levels of ITGA5 (P ¼ 0.01) and decreased activation of its downstream targets (Fig. 7H and I) . While overexpression to similar levels, i.e. 2.5-fold, of wild-type (WT) ATXN3 (with 28 glutamines) also caused some degree of perturbation in differentiation and cytoskeleton organization, the effects were much milder than those of ATXN3 loss of function or polyQ expansion (Fig. 7) . Together, these results suggest that the dose of ATXN3 needs to be strictly balanced and that polyQ expansion perturbs the normal function of ATXN3 in neuronal cells.
In vivo evidence for downregulation of a5 integrin signalling in the context of Machado-Joseph disease To investigate whether the partial loss of function of expanded ATXN3 could contribute to the pathogenesis of MJD, we analyzed the levels of Itga5 in the nervous system of an MJD mouse model (CMVMJD135) generated in our lab, expressing an expanded human ATXN3 with 135 glutamines and mimicking the neurological and neuropathological phenotype of the human disease, as described elsewhere (63) . As shown in Figure 8A and B, CMVMJD135 mice had significantly reduced levels of Itga5 in the brainstem (an affected brain region) (P ¼ 0.04) and dorsal root ganglia (DRG) (P ¼ 0.0019). Considering the cytoskeletal disorganization and reduced branching phenotype observed in the absence of ATXN3, we analyzed neurons isolated from the DRGs of CMVMJD135 mice. We found a marked difference in the morphology of these neurons (Fig. 8C and D) , with a drastic reduction in both the total (P ¼ 1.4 × 10
27
) and mean (P ¼ 1.6 × 10 212 ) neurite length when compared with WT littermate controls ( Fig. 8C and D) . Additionally, the cell bodies of the DRGs from transgenic animals had a reduced diameter in comparison to those from WT controls (P ¼ 3. 
and D)
. This supports the hypothesis that a partial loss of function of ATXN3 due to the expansion of the polyQ tract may contribute to neuronal dysfunction in MJD.
DISCUSSION
Given the significance of DUBs to nervous system function and homeostasis, we focussed here on characterization of the normal function of ATXN3 in neuronal cells. Stable depletion of ATXN3 in SH-SY5Y cells by lentiviral transduction of shRNA inhibited neuronal differentiation following exposure to RA. ATXN3-depleted cells displayed a markedly abnormal morphology, becoming flat and with very few extensions, and showing an altered structure of the actin cytoskeleton. Furthermore, the proliferative activity of these cells was not inhibited by RA treatment, their motility was increased and cell survival was significantly reduced. Although ATXN3 KO animals do not show an overt phenotype, including any neuronal differentiation abnormalities, which is likely due to compensatory mechanisms (32, 49, 62) , the current findings concur with previous studies showing abnormal differentiation, adhesion and morphology in other, nonneuronal, cellular models of ATXN3 loss of function (31, 33) . * P , 0.05; * * P , 0.01; * * * P , 0.001. This is interesting, as cumulative evidence suggests that disruption of the neuronal cytoskeleton network may be a common feature contributing to neurodegeneration in several diseases, including polyQ disorders (41, (64) (65) (66) . In addition, ATXN3
shRNA cultures showed reduced levels of many neuronal markers while maintaining expression of immature cell markers and a significantly decreased neurite length, which is compatible with an immature filopodia phenotype. Filopodia play an important role in cell migration, neurite outgrowth and wound healing, and their elongation depends on tightly regulated actin polymerization (54) . Thus, disruption of the actin filament network impairs neurite elongation and ultimately cell differentiation, as we observed in ATXN3-deficient neuronal cells. Interestingly, when ATXN3 shRNA cells were kept in culture for long, we observed a partial recovery of several effects seen with silencing of ATXN3, which might be explained by compensatory mechanisms similar to those occurring in ATXN3 KO animal models. This recovery was less evident in cells expressing the catalytically silent version of the protein. In the disease model (ATXN3_83Q), the compensatory mechanisms also seem to be prevented by the presence of the expanded protein, which has a dominant negative effect.
Neuronal process outgrowth and maturation, as well as neuronal survival, are at least partially regulated by the integrin signalling pathway. We found that the phenotype observed in ATXN3 shRNA cells was due to a decrease in the expression of ITGA5, associated with a decrease in the CDK5/p35 complex activity and, consequently, to a deregulation of the PI3K/AKT and ERK pathways. This had a negative impact on neurite outgrowth, cytoskeleton regulation, cell adhesion and motility and survival. CDK5 plays an important role in neuronal differentiation (60), morphogenesis (67) , proliferation (68, 69) , survival, axon guidance, synaptic transmission, neurocytoskeletal dynamics and neuronal degeneration (70 -75) . It has been shown that inhibition of CDK5 either pharmacologically (with roscovitine) or by expression of a dominant negative form, causes a dramatic decrease in RA-induced cell differentiation (73) . Moreover, Cdk5-deficient neurons are significantly arrested or delayed in their developmental program, both in vitro and in vivo (60) , and homozygous Cdk5 KO mice mutants die in utero with neuronal migration deficits throughout the brain (70) . Additionally, we observed decreased activation of small GTPases, both Rac1 and the Rho family, which are key actin cytoskeleton regulators, further compromising actin dynamics. Interestingly, a recent large-scale huntingtin-protein interaction study revealed that Rho family GTPases and actin remodelling play an important role in huntingtin function and Huntington's disease pathogenesis (76) .
The fact that cells expressing the catalytically inactive ATXN3 also show a reduction of ITGA5 protein levels and that inhibition of the proteasome leads to an accumulation of polyubiquitylated ITGA5 species in both ATXN3
shRNA and ATXN3_C14A cells suggests that ITGA5 protein levels are regulated through the DUB activity of ATXN3 that defines the extent of ITGA5 degradation by the proteasome. This proposed mechanism is compatible with the previous finding that the ITGA5 is a molecular partner of ataxin-3 (33) . Confirming the relevance of ATXN3 for regulation of ITGA5 in vivo, the levels of this protein were significantly reduced in the nervous system of Atxn3 KO mice.
To date, the type(s) of ubiquitylation of ITGA5 and the amino acid position of this modification are not known. However, comparing the cytoplasmic tails of all human a integrins, Lobert and Stenmark observed that the first lysine residue was strictly conserved among human integrins and suggested that this might be the site at which ubiquitylation occurs (77) . Although it has been described that ITGA5 may be degraded in lysosomes (78) , there are also reports demonstrating that it is degraded by the proteasome through the action of the E3 ligase Cbl (33, 79) . Indeed, Kaabeche and colleagues showed that Cbl recruitment induced by FGFR2 activation triggers ITGA5 proteasomal degradation (79) . These observations, together with the fact that FGFR2 expression is known to be upregulated by RA (80) , lead us to propose a mechanism that may explain the phenotype of ATXN3 shRNA cells upon RA treatment (Fig. 9 ). In this model, ATXN3 prevents the degradation of ITGA5 triggered by the RA-induced activation of FGFR2 (Fig. 9A) . When ATXN3 is silenced, RA treatment causes ITGA5 degradation to an extent that leads to a deregulation of the CDK5, PI3K/AKt and ERK pathways and affects neuronal morphology and cell adhesion, proliferation, differentiation and survival (Fig. 9B) . In agreement with this model, overexpression of a catalytically inactive form of ATXN3 led to similar morphological and biochemical changes and the same differentiation impairment as the silencing of ATXN3, suggesting that the regulation of ITGA5 levels in neurons is dependent on the DUB activity of ATXN3. Furthermore, the fact that proteasomal inhibition prevents the decrease of ITGA5 in ATXN3
shRNA cells indicates that ATXN3 rescues ITGA5 from degradation by the proteasome. Importantly, restoring the levels of ITGA5 rescued most of the abnormal features of ATXN3 shRNA cells. Given that this DUB is involved in the human neurodegenerative disease MJD, we conducted experiments to determine the relevance of this abnormal phenotype and impairment in neuronal differentiation to MJD pathogenesis. Interestingly, similar but milder alterations were found in cultures expressing expanded ATXN3, which suggests a partial loss of normal function of the protein in the presence of this type of mutation. Overexpression of the WT ATXN3 also caused some degree of toxicity, suggesting the importance of a tight regulation of ATXN3 expression levels, as has been described elsewhere (81 -85) .
Confirming the perturbation of ATXN3 normal function by polyQ expansion, we observed a downregulation of Itga5 in the brainstem and DRGs of CMVMJD135 transgenic mice. Cultures of DRG neurons from these animals showed that transgenic neurons were smaller and displayed a drastic decrease in the neurite length, as observed in neuronal cultures depleted for ATXN3. This finding suggests that the loss of this normal cellular function of ATXN3 might be relevant for the neurodegeneration caused by the polyQ tract. Although the in vitro assays performed so far suggest that the polyQ expansion does not significantly affect ATXN3 DUB activity (86), these assays were performed using artificial substrates that may not mirror the biological substrates of ATXN3, or the post-translational modifications, co-factors and key partners that may be lacking. Improved assays addressing DUB activity within a cellular environment based on specific substrates and/or addressing ATXN3 as part of multi-protein complexes would be important to adequately assess WT and mutant ATXN3 activity. Western blot analysis showed decreased levels of Itga5 in the nervous system of CMVMJD135 mice (n ¼ 5 animals/genotype). The results were normalized for a-tubulin levels. (C and D) DRG neurons from CMVMJD135 mouse (two pools of three animals for each genotype) showed no differences in the number of neurites and decreased neurite length and soma diameter as compared with the WT controls. Neurite length was measured using NeuronJ software and Feret's diameter was used to measure the soma (n ¼ 50 neurons/genotype). Scale bar: 200 mm. n ≥ 3 independent biological replicates in all experiments.
* P , 0.05; * * * P , 0.001.
Overall, our data support the importance of ATXN3 in neuronal cells and the link between its biological function and MJD. Loss of function of ATXN3 in neuronal cells affects degradation of ITGA5 through its DUB activity, which affects many processes that are important for neuronal development and function, such as cell adhesion, differentiation, cytoskeleton organization and neurite length. PolyQ expansion imparts loss of this cellular function of ATXN3 in neurons, with effects on neuronal morphology and process extension, which chronically may contribute to neurodegeneration.
MATERIALS AND METHODS
Cell culture
SH-SY5Y cell cultures: human neuroblastoma SH-SY5Y cell line (ATCC, CRL-2266) was cultured in Dulbecco's modified eagle medium: nutrient mixture (DMEM)/F-12 (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS) (Biochrom), 2 mM glutaMAX (Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin and 25 ng/ml puromycin (Sigma Aldrich). Medium was changed every 2 days. Differentiation was induced by 0.1 mM all-trans-retinoic acid (Sigma Aldrich) in opti-MEM (Invitrogen) supplemented with 0.5% FBS. Medium was replaced every 2 days. PC12 cell cultures: rat PC12 cells were cultured in DMEM (Invitrogen) supplemented with 10% (v/v) FBS (Biochrom), 5% (v/v) horse serum (HS) (Biochrom), 2 mM GlutaMAX (Invitrogen), 100 U/ml penicillin, 100 mg/ml streptomycin and 25 ng/ml puromycin (Sigma Aldrich). Medium was changed every 2 days. Differentiation was induced by 1 mg/ml NGF (Invitrogen) in DMEM supplemented with 0.75% FBS and 0.75% HS. Medium was replaced every 2 days. Primary cultures of dorsal root ganglion neurons: for dorsal root ganglion (DRG) neuron culture, cells isolated from 8 weeks-old mice were plated in poly-D-lysine (Sigma) and laminin (Sigma) pre-coated coverslips at a density of 5 × 10 3 cells/ml in DMEM/F12 supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 50 ng/ml NGF (Millipore), 1 × B27 (Invitrogen) and 1.176 g/ L L-glutamine (Invitrogen) for 72 h. Primary cultures of hipoccampal neurons: hippocampal neuron cultures were prepared from P4 Wister rats. Briefly, upon dissection, hippocampi were submitted to a trypsin-based enzymatic digestion followed by mechanical dissociation. Isolated cells were then plated on coverslips previously coated with poly-D-lysine (Sigma) at a density of 40 000 cells/cm 2 using Neurobasal A medium (Gibco) supplemented with 1 mM GlutaMAX (Gibco), 10 ng/ml bFGF (Gibco), 0.1 mg/ml kanamycin (Gibco) and 1 × B27 (Gibco) for 7 days. Cells were incubated in a humidified 378C/ 95% air/5% CO 2 incubator.
Vectors and lentivirus packaging
HEK293T packaging cells were plated at a density of 3 × 10 5 cells/well in 6-well plates, cultured in opti-MEM supplemented with 10% FBS and transfected on the following day with the scrambled sequence vector (CAACAAGATGAAGAG CACCAA), the pLKO.1/shRNA-ATXN3 vector (CCGGGCAG GGCTATTCAGCTAAGTACTCGAGTACTTAGCTGAATA GCCCTGCTTTTT) or the empty vector pLKO-1 (TRC1; Open Biosystems) for virus production, following the RNAi Consortium High-Throughput Lentiviral production protocol (87) . For overexpression the following plasmids were used: PPCB7/ ITGA5 (Addgene plasmid 16 041), pEGFP/ATXN3_28Q, pEGFP/ATXN3_83Q and pEGFP/ATNX3_C14A. Medium was changed in the next day and cells were cultured for 48 h. Conditioned medium was then collected and stored at 2808C. 
Transduction of target cells
A total of 2.5 × 10 5 SH-SY5Y or PC12 cells were seeded on a 6-well plate in complete DMEM/F-12 medium and transduced by the lentiviral vectors. Medium was changed 24 h after, and cells were incubated for 72 h. For selection of clones with stable shRNA expression, fresh complete DMEM/F-12 or DMEM medium containing 25 mg/ml puromycin was added to the cells. During the selection period, medium was replaced by fresh medium containing puromycin every 2 days. After 5 days, cells that formed colonies were selected and sub-cultured in 96-well plates under puromycin selective pressure (2.5 mg/ml puromycin) for subsequent expansion, with passaging every 3-5 days. The percentage of silencing of each clone was monitored by immunoblotting.
High-throughput high-content functional imaging SH-SY5Y cells were seeded at a density of 4 × 10 3 cells/well in flat bottom 96-well plates previously coated with Matrigel (BD, Biosciences), and 10 mM all-trans-retinoic acid (Sigma Aldrich) was added the day after plating in DMEM/F-12 with 1% FBS. After 5 days, cells were washed with DMEM/F-12 and incubated with 50 ng/ml BDNF (Peprotech) in DMEM/F-12 without serum for 3 days. Cells were then labelled for bIII-tubulin (1:1000, R&D Systems), scanned at different locations of each well and the quantitative analysis of total number of cells, number of bIII-tubulin positive cells and neurite length were automatically done using the automatic imaging system Thermo Scientific Cellomicsw ArrayScanw VTI.
Pulldown
RA-treated SH-SY5Y cells were washed in ice-cold PBS, incubated 5 min on ice in FISH buffer (50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 10% glycerol, 1% NP-40, 100 mM NaCl and protease inhibitors cocktail) and centrifuged for 5 min, 21 000 g, at 48C. Aliquots were taken from the supernatant to compare protein amounts. The supernatant was incubated with bacterially produced GST-PAK-CD or GST-RHOTEKIN-RBD fusion proteins bound to glutathione-coupled sepharose beads (GE Healthcare) at 48C for 30 min. The beads and proteins bound to the fusion protein were washed three times in an excess of FISH buffer, eluted in Laemmli buffer and analyzed for bound Rho and Rac1 by immunoblotting. For the pulldown of polyubiquitylated proteins, RA-treated cells were lysed in lysis buffer (50 mM HEPES, pH 7.5, 0.15 M NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol, 50 mM PR-619 and protease inhibitors cocktail) and centrifuged for 10 min, 14 000 g, at 48C, or treated with 5 mM MG132 (Calbiochem) for 24 h prior to lysis. One milligram of the supernatant were incubated with 100 ml of AgaroseTUBEs (Lifesensors) and incubated 1 h at 48C. Beads were washed three times with TBS-T and bound proteins were eluted in Laemmli buffer.
Protein synthesis inhibition and proteasome inhibition
RA-treated SH-SY5Y cells were incubated with 5 mM CHX (Merck) during 30, 60 or 180 min. For proteasome inhibition, RA-treated cells were incubated with 5 mM MG132 (Calbiochem) for 24 h prior to lysis.
Immunoblotting RA-treated SH-SY5Y cells or NGF-treated PC12 cells were pelleted and frozen in liquid nitrogen. For cellular and brain tissue extracts, 50 mg of total protein isolated in RIPA buffer [150 mM NaCl, 50 mM Tris -HCl, pH 7.6, 0.5% NP-40, 1 mM Phenylmethylsulfonyl fluoride, protease inhibitors (Roche)] were resolved in 10% SDS-PAGE gels and transferred to a nitrocellulose membrane (Bio-Rad). After incubation with the primary antibodies against ATXN3 (1H9, 1:2000, Millipore), a5 integrin (1:5000, Millipore), CDK5 (1:1000, Millipore), p35 (1:1000, cell signalling), pERK1/2 (1:2000, cell signalling), ERK1/2 (1:1000, cell signalling), PI3K (1:1000, cell signalling), pAKT (1:1000, cell signalling), AKT (1:3000, cell signalling), BCL2 (1:100, Abcam), pan-Rho (1:1500, Millipore) and Rac1 (1:2000, Millipore), overnight at 48C, membranes were incubated with secondary antibodies for 1 h at room temperature (anti-rabbit or anti-mouse, 1:10 000, Bio-Rad). Antibody affinity was detected by chemiluminescence (Clarity kit, Bio-Rad). Histone H3 (1:7500, Millipore), MCT4 (1:500, Santa Cruz), CD147 (1:500, Santa Cruz) and a-tubulin (1:500, DSHB) were assessed as loading controls.
Flow cytometry
For propidium iodide (PI) staining, RA-treated SH-SY5Y cells or NGF-treated PC12 cells were collected and fixed using ice-cold 70% ethanol for 1 h on ice. Pelleted cells were washed with PBS and incubated with staining solution (0.1% Triton-X100, 20 mg/ml PI solution, 250 mg/ml RNase in PBS) for 1 h at 508C. For cell cycle analysis, cells were starved for 6 h before RA treatment. Samples were washed with PBS and analyzed using a FACSCaliber2 flow cytometer (BD-Biosciences) with a 568-nm excitation laser. Signals from 30 000 cells/sample were captured in FL3 (.670 nm) at a flow rate of 1000 cells/s. Offline data were processed with the FlowJo (Tree Star) software and quantified with WinList software.
Wound healing assay
SH-SY5Y cells were grown to confluent monolayers on 6-well plates. After RA treatment, monolayers were wounded by a pipette tip. This initial wounding and the movement of the cells in the scratch were photographically monitored using the Olympus IX-51 inverted microscope equipped with a TH4-200 camera for 24 h. This time window has been chosen because it is shorter than the doubling time reported for SH-SY5Y cell line (88) . Eight different fields were considered for quantitative estimation of the distance between the borderlines and in each image five different equidistant points were measured. The migration rate was calculated as the distance between the borderlines caused by scratching (defined at 0 h) minus the width that remained cell-free after 24 h and expressed as a percentage of the control.
Real-time quantitative reverse transcription polymerase chain reaction
One microgram of total RNA purified from RA-treated SH-SY5Y cells or NGF-treated PC12 cells was reverse transcribed using the One-step SuperScript kit (Bio-Rad). qRT-PCR reaction was performed using the Quantitec SYBR Green kit (Qiagen) and the primers previously described (52) , in a CFX96 real-time PCR detection system (Bio-Rad). Gene expression was normalized to HMBS levels. The results are presented as fold change.
Immunocytochemistry
Cells cultured on poly-D-lysine (Sigma Aldrich) and gelatin, Collagen (BD Biosciences) or Ply-D-lysine pre-coated glass coverslips (SH-SY5Y, PC12 or primary neurons, respectively) were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature. Cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min. Next, cells were incubated with 10% fetal calf serum blocking buffer for 1 h, followed by overnight incubation with primary antibody against Ki-67 (1:300, Millipore) or bIIItubulin (1:1000, R&D systems) at 48C, or by incubation with phalloidin (1:500, Sigma Aldrich) for 45 min and counterstained with DAPI (1:2000, Sigma Aldrich) for 10 min at room temperature. Alexa Fluor 568 (A11004) conjugated antibody was used at 1:2000 (Molecular probes).
Animals
The MJD mouse model (CMVMJD135) was generated as described (63) . Wister Rats used for the primary cultures were purchased from Charles River, Spain. For the mouse primary cultures, two pools of three male animals for each genotype at approximately 2 months of age were used. Animals were sacrificed by decapitation and the DRGs were removed along the spinal cord. For the rat primary cultures, six P4 rats per experiment were used. Animals were sacrificed by decapitation and brains were dissected. All animal procedures were conducted in accordance with European regulations (European Union Directive 86/609/EEC) and approved by the joint Animal Ethics Committee of the Life and Health Sciences Research Institute, University of Minho. Health monitoring was performed according to FELASA guidelines (89) . All animals were housed and maintained in a controlled environment at 22-248C and 55% humidity, on 12 h light/dark cycles and fed with regular rodent's chow and tap water ad libitum. Animal facilities and the people directly involved in animal experiments (A.N.-C., S.D.-S. and A.S.-F.) were certified by the Portuguese regulatory entity-Direcção Geral de Alimentação e Veterinária. Animals were sacrificed by decapitation at 8 weeks of age. Their brains were immediately dissected and stored at 2808C.
Microscopy
Image acquisition of fixed cells was carried out in a Zeiss AxioImager Z1 equipped with a Axiocam MR. Images represent maximum-intensity projections of all Z planes acquired with PLANAPO ×40 or ×63 objectives and following blind deconvolution with a AutoquantX (Media Cybernetics). Adobe photoshop CS5 (adobe Systems) was used for image processing.
Statistical analysis
Comparison between the different cell lines was performed using the t-test in the GraphPad prism version 5.0 software, assuming the homogeneity of the variances. For immunoblottings, the mean density and area of each band were measured using at least three experiments in TINA 2.0 software according to manufacturer's instructions. For qRT-PCR data, results were presented using the DDCt method, as described before (90) . A critical value for significance of two-tailed P , 0.05 was used throughout the study.
